We review the results of the synthesis of IrO 2 nanocrystals (NCs) on different substrates via metal-organic chemical vapour deposition (MOCVD) using (MeCp)(COD)Ir as the source reagent. The surface morphology, structural and spectroscopic properties of the as-deposited NCs were characterized using field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), selected-area electron diffractometry (SAD), x-ray diffractometry (XRD), x-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. The roles of different substrates for the formation of various textures of nanocrystalline IrO 2 are studied. Several one-dimensional (1D) nanostructures have evolved by decreasing the degree of interface instability. The morphological evolution occurs from triangular/wedged nanorods via incomplete/scrolled nanotubes to square nanotubes and square nanorods (NRs), with increasing morphological stability. The results show that the three-dimensional (3D) grains composing traditional film belong to the most stable form as compared to all the 1D NCs, and the sequential shape evolution has been found to be highly correlated to a morphological phase diagram based on the growth kinetics. In addition, area selective growth of IrO 2 NRs has been demonstrated on sapphire(012) and sapphire(100) substrates which consist of patterned SiO 2 as the nongrowth surface. The initial growth of IrO 2 nuclei is studied. Selectivity, rod orientation, and other morphological features of the nanorod forest can find their origins in the nucleation behaviour during initial growth. XPS analyses show the coexistence of higher oxidation states of iridium in the as-grown IrO 2 NCs. The usefulness of the experimental Raman scattering together with the modified spatial correlation (MSC) model analysis as a residual stress and structural characterization technique for 1D IrO 2 NCs has been demonstrated. The field emission properties of the vertically aligned IrO 2 NRs are studied and demonstrated as a high-performance and robust field emitter material owing to its low work function, low resistivity and excellent stability against oxygen.
Introduction
Recently, one-dimensional (1D) nanoscaled materials such as wires, rods, belts and tubes have become the focus of intensive 0957 
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Topical Review research owing to their fundamental interest for scientists and their potential in the fabrication of nanodevices [1] [2] [3] [4] [5] . The development of nanodevices might benefit from the unique morphology, huge surface area and high aspect ratio of 1D nanocrystals (NCs). A wide range of nanosized oxide materials, especially the 1D structure, is currently the focus of a rapidly growing scientific community. The electrically insulating and semiconducting oxides of nanostructured SiO 2 [6] , TiO 2 [7] , SnO 2 [8] , GeO 2 [9] , Ga 2 O 3 [10] , and VO x [11] have been synthesized and studied. Among the numerous metallic oxides, the electrically conducting IrO 2 belongs to a group of materials which exhibit high thermal and chemical stability, whose nanostructural phases are not well cultivated and require extensive investigations.
IrO 2 belongs to the family of electrically conductive transition metal dioxides crystallized in a tetragonal rutile structure. The lowest room temperature resistivity of an IrO 2 single crystal is around ∼32 µ cm [12] . The attractive electrochemical properties of the material have been extensively studied for several applications, such as optical switching layers in electrochromic displays [13, 14] , durable electrode materials for chlorine or oxygen evolution [15, 16] and a pH electrode based material [17] [18] [19] . Lue and Chao have fabricated IrO 2 -based microsensors for CO 2 gas detection with rapid response characteristics [20] . Moreover, owing to its conductive nature, high thermal and chemical stability, and effective diffusion barrier for oxygen, IrO 2 has been used as a thin film electrode in ferroelectric capacitors for nonvolatile memories [21] [22] [23] . Related investigations have indicated that polarization fatigue of ferroelectric Pb(Zr x Ti 1−x )O 3 (PZT) thin film capacitors can be effectively suppressed upon using IrO 2 thin film electrodes [24, 25] . Tankiewicz and co-workers have also studied IrO 2 as the conductive phase in thick-film resistors for a piezoresistive sensor to improve the operation temperature up to 175
• C [26] . IrO 2 has been studied as an emitter material in field emission cathodes for vacuum microelectronic devices and field emission displays [27] [28] [29] [30] . Metal oxides, such as IrO 2 , which has comparable conductivity to metal Ir, can be an alternative choice for use as an emitter material. Stable oxides can minimize the effects of oxygen while metals like Mo are susceptible to oxidation, leading to unexpected current degradation [31] . Chalamala and co-workers have demonstrated the potential of IrO 2 as an emitter material or as a protective coating on field emitter arrays made with metals against oxygen containing gases [27] . Their results also show that the formation of conductive IrO 2 from the Ir film by thermal oxidation results in a reduced surface work function [29] . In addition, Kuratani et al have indicated that using Ir or IrO 2 as the electrodes, the field emission current from a thin plate of PZT ceramic can be highly improved by more than four orders of magnitude in comparison with that of a Pt electrode [32] .
As a result of these diverse applications, there is a growing need to develop easy and reliable methods for growing IrO 2 phases as thin films or in other physical forms. Various methods such as reactive magnetron sputtering [33] [34] [35] [36] [37] , pulsed laser deposition [38] [39] [40] , solution growth [41, 42] and thermal preparation [43, 44] have been employed for this purpose. However, metal-organic chemical vapour deposition (MOCVD), a technique that possesses several advantages, including better composition control, high deposition rate, excellent step coverage and suitability for scale-up [45, 46] , has not yet been successfully employed for the growth of IrO 2 even though Ir thin films are normally obtained using oxygen as the carrier gas to prevent carbon iridium metal impurities from being incorporated into the deposited films [47] [48] [49] . Recently, the influence of oxygen partial pressure on the formation of IrO 2 using O 2 /(MeCp)(COD)Ir as a reactive gas mixture has been discussed by Maury and Senocq [50] . Their results have shown that co-deposition of Ir and IrO 2 could be observed via a high O 2 /(MeCp)(COD)Ir mole ratio of 1000 in the hot-wall CVD experiments. However, the conditions for preparing single-phase IrO 2 were not mentioned in their study. Work on the preparation of pure IrO 2 is warranted. To date, detailed descriptions of the preparation of IrO 2 and RuO 2 1D nanostructures have been reported by Satishkumar and co-workers via a template-based synthesis using carbon nanotubes [51] and the works by Chen et al [52] [53] [54] [55] [56] and Wang et al [57] . However, the information provided so far is sketchy and a more complete picture on the growth and characterization of IrO 2 NCs is needed.
Accordingly, in this review article we present the cumulative results of the efforts to develop a series of MOCVD growth experiments for preparing IrO 2 and its 1D nanostructure during the past few years. The experimental techniques are described in section 2. Section 3 presents the formation conditions of the IrO 2 phase and its 1D nanostructure in the CVD experiments. Section 4 demonstrates the improvements in growth alignment and number density of IrO 2 nanorods (NRs) using titanium (Ti)-coated silicon substrates. The successful growth of vertically aligned IrO 2 nanotubes (NTs) on sapphire(100) (SA(100)) and LiNbO 3 (100) (LNO(100)) substrates are presented in section 5. An interesting tilted growth of well-aligned IrO 2 NTs on the LiTaO 3 (012) (LTO(012)) and sapphire(012) substrates is shown in section 6. In section 7, a morphological study showing the formation conditions and mechanisms for various 1D nanostructures of IrO 2 including NRs and NTs are presented. In section 8, area-selective growth of IrO 2 NRs has been demonstrated on sapphire(012) and sapphire(100) substrates which consist of patterned SiO 2 as the nongrowth surface. The study of the initial growth of IrO 2 nuclei is also presented. In section 9, the usefulness of the experimental Raman scattering together with the modified spatial correlation (MSC) model analysis as a residual stress and structural characterization technique for 1D IrO 2 NCs has been demonstrated. The field emission characteristics of IrO 2 NRs with pointed tips has been studied and discussed in section 10. Section 11 is the summary.
Experimental details
A vertical-flow cold-wall MOCVD system was utilized for the growth of the samples. The low melting and highly volatile iridium precursor (methylcyclopentadienyl) (1,5-cyclooctadiene) iridium (I), (MeCp)(COD)Ir, was used for chemical vapour deposition of IrO 2 samples [52] . A schematic diagram of the MOCVD apparatus is illustrated in figure 1 . chamber designed for gas transport. The first is a by-pass flow path, which is designed for controlling the steady-state chamber pressure prior to the deposition. The second, heated to the designated temperature, is used for transporting the source vapour to the growth chamber. Three independent thermal couples were mounted on this source transport line to monitor the temperatures of the shower head (T sh ), gas transfer line (T tl ) and the precursor reservoir (T pr ) as indicated in figure 1. During the source vapour transport, T sh , T tl and T pr controlled by three independent controllers were kept at a constant temperature to avoid precursor condensation. The setting temperature range of the hot transport line was between 70 and 150
• C. Pure oxygen gas was used to convey the source vapour and to invoke the chemical reaction without adding any other inert gas. The oxygen flow rate (F O2 ) of the reactive carrier gas was kept at 100 standard cubic centimetres per minute (sccm). The substrate temperature (T s ) and chamber pressure (P c ) were kept constant during the CVD processes. Usually, T s and P c were set at different values of 200-500
• C and 1-50 Torr, respectively, for different targeted growth. Changing P c and T s could result in the deposition of materials with different compositions and morphologies. While keeping most of the controllable CVD parameters constant, the deposition rate could be controlled via directly changing the temperature of the precursor reservoir to adjust the partial pressure of source vapour under the mass-transport-limited condition.
The as-deposited samples were characterized by means of several techniques. Crystal structures and overall out-ofplane orientation of the samples were analysed using an xray diffractometer. The morphology and crystallite sizes were observed using field-emission scanning electron microscopy (FESEM), and the chemical compositions corresponding to the FESEM images could be measured simultaneously on the same system using energy dispersive x-ray spectroscopy (EDS). Transmission electron microscopy (TEM) images and selected-area electron diffraction (SAD) patterns were used to study the microstructure and to define the crystal axes of IrO 2 1D nanocrystals. The chemical binding states of the IrO 2 samples were investigated from the Ir 4f and O 1s spectra obtained by XPS using a Thermo VG Scientific Theta Probe system under a base pressure of 1 × 10 −8 Torr. The Al Kα 1486.68 eV line was the x-ray source and the Ag 3d 5/2 line at 368.26 eV was the calibration reference. XPS peak positions and integrated intensities were obtained through the curve fitting, using Thermo VG Scientific: Avantage v2.13 Software 5 . Raman scattering measurements were utilized to study the structural properties of IrO 2 NCs. Raman spectra were recorded at room temperature utilizing the back scattering mode on a Renishaw inVia micro-Raman system with 1800 grooves mm −1 grating and an optical microscope with a 50× objective. The same microscope was used to collect the signal in backscattering geometry. The Ar-ion laser beam of the 514.5 nm excitation line with a power of about 2 mW was focused on a spot size of ∼2 µm in diameter. The scattered light was detected by a charge coupled device (CCD) detection system. Prior to the measurement, the system was calibrated by means of the 520 cm −1 Raman peak of polycrystalline Si. Field emission measurements of IrO 2 nanotips were performed in a parallel-plate diode configuration under a base pressure of ∼1 × 10 −8 mbar. A Keithley 237 high-voltage source-measure unit was used for sourcing the voltage and measuring the current (with pA sensitivity). A movable cylindrical electrode with a 2 mm diameter was utilized to adjust the cathode to anode spacing x and to collect the emission current. Each field emission measurement was recorded with the spacing x controlled in the range 2-40 µm.
Growth of IrO 2 films and nanorods by means of MOCVD
In this section, preparations of IrO 2 thin films and NRs on the Si(100) substrates by MOCVD method [52] are presented. The effects of the substrate temperature and chamber pressure on the formation of single-phase Ir, IrO 2 and their mixed phase in the CVD experiments are studied. An observation in the crystal morphology change from densely packed particulates to non-continuous rod-like crystallites is reported. The surface morphology and structural properties of the as-deposited samples are characterized in detail.
The reactive mixture (MeCp)(COD)Ir/O 2 was used in CVD experiments with three different chamber pressure settings: 1, 10 and 30 Torr, while substrate temperatures were separated into six settings ranging from 250 to 500
• C. The combined x-ray diffraction (XRD) patterns of all deposited samples are depicted in figure 2. For the experiments carried out under O 2 pressure P c = 1 Torr, high-purity Ir metal was obtained at temperatures below 400
• C. This is confirmed by observation of the (111) and (200) diffraction signals of the cubic Ir metal standard, for which 2θ = 40.7
• and 47.3
• with an approximate ratio of 2:1. The full-width at half maximum (FWHM) of both XRD signals decreased with an increase of T s , showing the formation of larger crystallites and faster grain growth upon increasing the temperature. At 450
• C, four additional weak diffraction signals located at 2θ = 28.0
• , 34.7
• , 40.0 • and 54.0 • emerged. These were assigned to the (110), (101), (200), and (211) diffraction signals of the rutile IrO 2 phase. Upon further increasing T s to the highest limiting growth temperature (500
• C), these diffraction signals due to the IrO 2 phase diminished in intensity as compared to the respective XRD signatures detected at T s = 450
• C. This result is consistent with the report that sputtered IrO 2 oxide films on iridium decompose into the elements at temperatures between 577 and 627
• C under ultrahigh vacuum [58] . 5 Thermo VG Scientific: Avantage Software, West Sussex, England.
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Topical Review Figure 2 . XRD patterns for the various Ir-containing materials deposited on Si(100) substrates at P c = 1, 10, 30 Torr and T s in the range 250-500
• C. (Reprinted from [52] with permission from Wiley.)
When the pressure of O 2 was increased to 10 Torr, deposition of Ir thin film was still observable below 300
• C, approximately 100
• C lower than the previous experiments carried out under 1 Torr of O 2 [48] . After raising the temperature to 350
• C, the signals derived from the (110), (101), (200) and (211) planes of the IrO 2 film became clearly visible, with the (101) diffraction being the preponderant component. Upon further increasing T s to 400
• C, the intensity of the Ir metal (111) diffraction pattern diminished to its lowest level. At the same time, the (110) signal of the IrO 2 oxide phase gained in intensity and became the strongest diffraction line, indicating that this form of IrO 2 is markedly favoured over other growth orientations, particularly the (101) planes. Finally, at the highest limiting temperature of 500
• C, both of the (111) and (200) diffraction signals of the Ir metal phase reappeared, demonstrating co-deposition of the Ir and IrO 2 phases. The results indicate that the optimized temperatures for the growth of IrO 2 thin films are within the range 400-450
• C under oxygen pressures of 10 Torr.
In comparison, Sun and co-workers have reported the deposition of Ir metal thin films using the same CVD source reagent at P c = 1 Torr and with oxygen and nitrogen flow rates of 250 and 10 sccm [59, 60] . The above-mentioned result agrees with their finding that the deposition of Ir metal is favoured at lower temperatures under oxygen, implying that the major function of the O 2 gas under these conditions is to remove organic ligands from the precursor molecule. However, these authors failed to note that the final composition is also determined by the applied O 2 pressure, i.e., employing high concentrations of O 2 impedes the formation of Ir metal and promotes the in situ oxidation of an Ir-containing intermediate. Bulk Ir metal can be ruled out as this reactive intermediate since its oxidation requires a temperature greater than 600
• C in O 2 at 10 Torr [29, 30] . Moreover, variable amounts of the Ir metal phase were observed at temperatures as high as 500
• C, with intensities of the XRD signals being inversely proportional to the applied O 2 pressure. This observation and the visual characteristics of the (110) preferred orientation as identified by the XRD analysis. A related IrO 2 thin film composed of grain sizes of ∼160 nm was obtained using pulsed laser deposition in O 2 under 200 mTorr [39] . In addition, the average grain size of IrO 2 thin films is significantly larger than that obtained by reactive RF magnetron sputtering (55 ± 5 nm) at substrate temperatures of 25-400
• C [61] . If the system pressure P c is further increased to the highest setting of 30 Torr, an appreciable change of growth pattern from Ir metal to nearly single-phase IrO 2 is observed at deposition temperature T s ranging between 250 and 300
• C, as revealed by the XRD signatures ( figure 2 ). In addition, continuous thin films were not deposited as expected, but instead, IrO 2 NRs with a highly preferred (101) orientation at temperatures as low as 300-350
• C were produced. The FESEM images of these nanorods are depicted in figure 4 , which shows the vertical alignment of the nanosized single crystals. The average length, diameters and packing density of these IrO 2 NRs were estimated to be 3.5±0.2 µm, 150±50 nm and 20 ± 5 µm −2 , respectively. Although the driving force behind the formation of these rod-shaped crystals is unknown, the generation of (101) oriented nanorods are consistent with the growth kinetics of RuO 2 thin films reported by Vetrone et al [62] . These authors argued that the (110) face is the most thermodynamically stable arrangement for metal oxides with a rutile structure, thus deposition of thin films with (110) orientation are favoured under equilibrium conditions such as high deposition temperatures and low growth rates. The (101) rutile surface is the next densest growth plane compared to the (110) face and thus, the (101) texture would be enhanced under conditions such as low temperature and high growth rate. In this study, the IrO 2 NRs do indeed possess a slightly faster rate of growth (5-12 nm min −1 ) with respect to that observed for thin films growing along other orientations (1.2-3.8 nm min −1 ). Moreover, a further increase in T s beyond 400
• C not only converted the rod-shaped morphology back to the thin film, but also induced the co-deposition of trace amounts of Ir metal within the predominant IrO 2 phase at the highest temperature of 500
• C.
Improvement in the vertical alignment of IrO 2 nanorods using Ti-coated Si substrates
In this section improvement in the vertical alignment of IrO 2 nanorods using Ti-coated Si substrates [53] is presented. The synthesis parameters are as follows: both the precursor reservoir and the transport line were controlled in the temperature range 100-120
• C to avoid precursor condensation during the vapour-phase transport; high-purity oxygen was used as both carrier and reactive gas with the flow of 100 sccm; the substrate temperature and pressure of the CVD chamber were at 350
• C and 10-50 Torr, respectively. As illustrated in figure 4 , the FESEM images show that rod-like IrO 2 crystals grown on the Si(100) substrate have a wedge-shaped geometry and almost all of them have sharp tips. The neighbouring IrO 2 rods on the Si substrate appear to stem from one common growth centre and extend outwards. The orientations of these neighbouring rods are rather erratic. To encourage these NRs to grow in a more orderly manner, Al, Au, Cu, Ni (5% Ti), In and Ti layers, 100Å thick, were sputtered on the Si(100) substrates prior to the CVD experiments. Of these metal layers, only Ti and In have substantial control on the NR orientations. The micrographs of IrO 2 NRs grown on the other four metal layers look similar to that in figure 4. The IrO 2 NRs grown on the Ti layer, illustrated in figure 5 , exhibit the most significant improvement in alignment. Figures 5(a) and (b) show that the rod diameters are 50-100 nm with a distribution that is less dispersed than that of IrO 2 rods directly grown on the Si substrate. The packing density of the NRs on the Ti layer is increased to 45 ± 5 µm −2 . The size of the NR depends on the growth temperature, i.e., a higher temperature produces a larger NR. Sometimes IrO 2 wedge-shaped NRs can pack themselves into columns with an interesting spiral tip, as depicted in figures 5(c) and (d). The diameters of these columns are larger, in the range 100-250 nm.
A schematic diagram and a bright-field TEM image that emphasizes the tip of a typical wedge-shaped IrO 2 shown by the arrow is parallel to the long axis of the NR, indicating that the c-axis is the preferred growth direction. Formation of an IrO 2 tetragonal rutile structure in these rodlike crystals is confirmed by electron diffraction analysis. figure 7 reveal the differences in crystal orientations of the NRs over a large area. The (101) signal comes from the side walls of rod-shaped crystals, which has been confirmed in the electron diffraction analysis mentioned above. Since a large number of nanorods on the Si substrate are tilted, the (101) crystal planes are preferentially exposed. Hence the (101) reflection in figure 7(a) is much more intense than the (110) reflection, which is supposed to be the most intense reflection if the crystal orientation is randomly arranged, figure 7(c). When the NRs are aligned vertically, the intensity of the (101) reflection drastically decreases since a portion of the (101) plane is overshadowed by neighbouring NRs, figure 7(b). On the other hand, the intensities of the (002) and (112) bears a higher oxidation state than the bulk iridium owing to a higher oxygen coordination number. The presence of a higher oxidation state of iridium is considered to be the reason for the excess oxygen. 10% excess oxygen is also found in the samples of IrO 2 NRs on Si substrate. It seems, therefore, that the excess oxygen is a compositional feature of IrO 2 NRs themselves.
As shown in section 3, if the growth temperature is over 400
• C or the chamber pressure lower than 20 Torr, the growth of the IrO 2 NRs is suppressed and a densely packed IrO 2 thin film forms [52] . A substantial amount of iridium metal has been detected in these IrO 2 thin films, in contrast to the excess oxygen observed in the NRs. The roots of IrO 2 NRs and their morphology at the initial growth stage have been checked as well. The growth mechanism appears to be different to the vapour-liquid-solid (VLS) [68] [69] [70] and catalyst-assisted growth processes [71] [72] [73] . Although a unified conclusion on the growth mechanism has not been reached at this point, the importance of an oxygen-rich environment and the highdensity nucleation sites provided by titanium on the 1D vertical growth of IrO 2 NRs is recognized in this investigation.
Growth of vertically aligned IrO 2 nanotubes on sapphire(100) and LiNbO 3 (100) substrates
In this section, the growth and a detailed characterization of vertically aligned single-crystalline IrO 2 NTs on SA(100) and LNO(100) substrates [54] will be presented. The synthesis parameters for the growth of vertically aligned IrO 2 nanotubes are as follows: both T tl and T pr were kept at a constant temperature of 100-110
• C; high-purity oxygen was used as both carrier and reactive gas with the flow of 100 sccm; the substrate temperature and pressure of the CVD chamber were at 350
• C and 10-50 Torr, respectively. The FESEM images illustrated in figure 9 shows that most of the IrO 2 crystals grown on SA(100) substrates reveal square and hollow cross-section and exhibit vertically aligned growth. The estimated edge size and tube length of the NTs are around 40-100 nm and 0.2-2.0 µm, respectively. Similar results were also found in the growth of the IrO 2 NTs using LNO(100) substrate, as shown in figure 10 . The vertically aligned tubes grown on LNO(100) have edge size and length around 50-100 nm and 0.5-1.0 µm, respectively. Nonetheless, some differences in the uniformity of growth alignment and orientation between the samples on SA(100) and LNO(100) can still be observed. The top view images of the overall tubules on SA (100) Typical XRD patterns of the well aligned IrO 2 NTs grown on SA(100) and LNO(100) substrates are shown in figures 12(a) and (b), respectively. The single IrO 2 (002) diffraction peak at ∼58.5
• , together with the TEM analysis confirm the uniquely single directional growth of IrO 2 NTs along [001] for the sample grown on SA(100). For the sample on LNO(100) substrate, a weak IrO 2 (301) diffraction signal at ∼69.3
• in addition to the IrO 2 (002) peak was also observed, showing that the IrO 2 NTs grown on LNO(100) substrates are predominantly (001) oriented with a small presence of (301) growth orientation.
Growth with (001) orientation of IrO 2 on the SA(100) and LNO(100) substrates can be explained based on the lattice relationships. Lattice misfit at the interface produces strain energy when the IrO 2 is nucleated. The orientation that minimizes the lattice misfit and produces the smallest strain energy will be preferred. Sapphire and LiNbO 3 and c = 12.99Å for sapphire 7 , and a = b = 5.15Å and c = 13.86Å for LiNbO 3 . 8 An understanding of the heteroepitaxy of IrO 2 (001) on SA(100) and LNO(100) at the atomic level can be obtained by examining their (001) ( figure 13(a) ) and (100) (figures 13(b) and (c)) planar structure, respectively. The surfaces of SA(100) (LNO(100)) terminated by oxygen atoms are assumed to be located at the same positions as those found in the single crystal and presented a template for the deposition that exhibits twofold symmetry. During the initial stage of NCs formation onto the substrate surface, the oxygen atoms from the IrO 2 have sufficient surface mobility to align themselves (100) is probably the reason for the generation of the two preferential orientations of (001) and (301), with the former being the dominant. The higher lattice mismatch and formation of the (301) plane also explain why the IrO 2 NTs on LNO(100) substrate grow with less uniformity in alignment.
Tilted growth of well aligned IrO 2 nanotubes on LiTaO 3 (012) and sapphire(012) substrates
In this section, the growth and characterization of well aligned IrO 2 NTs on the LTO(012) [55] and SA(012) substrates with a tilt angle of 35
• will be presented. Detailed synthesis parameters for the growth of tilted IrO 2 nanotubes are as follows: T tl and T pr were kept at a constant temperature of 100-110
• C; oxygen flow rate at 100 sccm; substrate temperature at 350
• C; and the chamber pressure in the range of 10-30 Torr. The deposition rate of the 1D crystal with tubular morphology was estimated to be 5-10 nm min −1 . As illustrated in figure 14 , the FESEM images show highdensity and well aligned IrO 2 NTs grown on a LTO(012) substrate. The self-assembled NTs were grown with an identical tilt angle from the normal to the substrate. Unlike the cylindrical symmetry of most of the NTs reported so far, the growth of the IrO 2 NTs. Initially, the deposition of IrO 2 starts from the epitaxy of the {101} planes on the LTO(012) surface. Since the long axis of the NT is along the [001] direction, the growth rate of (00l) planes should be the highest in this case. Then the tilted growth occurs along the [001] direction which is 35.04
• from the normal to the LTO(012) substrate or IrO 2 (101) plane. Figure 15 The obtained heteroepitaxy could be interpreted by examining the planar atomic arrangement of the IrO 2 (101) and LTO(012)/SA(012) planes (figure 18). The crystallinity formation follows the substrate orientation at conditions when the surface mobility of the oxygen atoms from the IrO 2 is just sufficient to maintain and sustain the formation of the plane with lowest energy. The orientation that minimizes the lattice misfit and produces the smallest strain energy will be preferred. In accordance with the argument of the minimization of the oxide sublattice structural mismatch mechanism, the best match of IrO 2 (101) and LTO(012) (SA (012) The lattice parameters are a = b = 5.15Å and c = 13.76Å for LTO 9 . The formation of tilted NTs is the overall consequence of two mechanisms, of which one is based on the lattice mismatch, termed the axial screw growth mechanism, and the other, the c-axis directional growth mechanism [74] .
Morphological evolution of IrO 2 one-dimensional nanocrystals
In this section, we present the results of direct observation of the morphological evolution from solid triangle NRs via hollow square NTs to solid square NRs for a tetragonal rutile material of IrO 2 by precisely controlling the growth rate of these 1D nanocrystals via the MOCVD technique [56] .
For a CVD process, the surface morphology of the asdeposited structures is determined by the complex interplay between mass transport and surface kinetics of the system, which is critically dependent on the temperature of precursor reservoir T pr , the substrate temperature T s , the flow rate of the carrier gas F O2 , and the chamber pressure P c , etc. Usually, T s is chosen to be higher than the pyrolysis temperature of the reactants to ensure their rapid decomposition and heterogeneous reaction at the growing interface. In addition, T s also plays an important role in the surface kinetics and strongly influences the surface morphology. To study the growth kinetics, a surface morphology diagram in terms of the degree of supersaturation µ versus 1/ T s can be used to interpret the morphological evolution [75] . From a crystal grower's point of view, a larger µ and a lower T s can result in an instability of surface morphology of the as-deposited structures.
First, by fixing all other parameters (T s = 350 • C, F O2 = 100 sccm, and P c = 15-20 Torr) and by only adjusting T pr from 70 to 140
• C, the partial pressure of the incoming source vapour (MeCp)(COD)Ir is changed. Because the vapour pressure of (MeCp)(COD)Ir near the growing interface is not available, the actual µ of the corresponding CVD system cannot be determined.
Hence, the notation of µ(T pr ) at various T pr is then taken as a reference for our discussion. Different values of µ would result in different morphologies and lead to different growth rates of the IrO 2 1D nanostructures. The growth rate R is defined as the increasing length of long axis per unit growth time for the 1D crystal. All the samples in this study were grown on SA(100) substrates to make the IrO 2 crystals arrange uniformly as vertically aligned arrays [54] .
In the largest µ region (T pr = 125-140
• C) and R = 18-40 nm min −1 , the IrO 2 NRs with nearly triangular (figures 19(a)-(c) ) and wedge-like (figures 19(d)-(f)) cross-sections are grown accompanying the formation of self-assembled sharp tips [53] . Usually, the former is preferred at larger µ over the latter. While reducing µ(T pr = 110-125
• C) and R = 15-22 nm min −1 , the d)-(f) ). The second stage of evolution is from the incomplete and scrolled tubes to the square NTs. Figures 21(a)-(c) show that further reducing µ(T pr = 100-110
• C) and R = 8-17 nm min −1 could make the wedged NR enclose a perfect square loop and evolve into the NT rather than its improper counterparts ( figure 20) . The edge sizes of these NTs on the SA(100) substrate are around 50-100 nm. The tube walls of the square NTs will become thickened and be filled inside on further decreasing µ or R, as depicted in figures 21(d)-(f) . The third evolution is from the hollow square tubes to the solid square rods under even smaller µ(T pr = 85-95
• C) and R = 3-5 nm min −1 , as shown in figures 21(g)-(i) . In addition to the evolution between the 1D nanocrystals, a transformation from anisotropic 1D to isotropic 3D growth was also observed. Figure 22 IrO 2 mixture is comprised of continuous grains and a few short rods protruding from the film surface. The growth rate range of this sample estimated from the thickness of film layer and length of short rod is around 1-2 nm min −1 , which is also the minimal R in this study. The above results suggest that the self-mediated 1D growth habit of IrO 2 could be gradually eliminated by continually reducing µ.
From a surface kinetics point of view, a lower value of µ or R means that the adhered surface atoms have sufficient time to undergo surface diffusion, thus, the morphology of the as-grown structures becomes more stable. Similarly, a higher value of T s , which provides sufficient surface diffusion energy for the adhered surface atoms, also plays an important role in determining the shape of the as-grown structures. Accordingly, in the second part of this work, T s is varied from 350 to 500
• C. Then by adjusting T pr from 70 to 140
• C to change µ of the corresponding MOCVD system, a study of morphological evolution has been also carried out. The morphology distribution of IrO 2 in terms of µ and T s is schematically illustrated in figure 23(a) . Overall, the NRs and NTs with square cross-section are more energetically favourable among these 1D nanostructures. A film composed of continuous 3D grains ( figure 22(c) ) is formed in the highest T s and the lowest µ condition, which is the most morphologically stable. Figure 23(b) summarizes the entire trend of morphological evolution of IrO 2 in terms of µ and 1/ T s . These results have been repeated and further confirmed using other substrates including LiNbO 3 (100) and LiTaO 3 (012). Similar phenomena have been observed in a solution-phase growth for the transition of nanorods to nanotubes with respect to different solute concentrations (i.e., different values of µ) [76] and in thermal evaporation method for the size variation of box-beams with respect to substrate temperatures [77] . For the four typical IrO 2 1D nanostructures and a thin film grown on sapphire (100) substrates, their corresponding XRD patterns ( figure 24) show the nearly single-crystalline quality and the same [001] longaxis directions for the vertically aligned NRs and NTs [53, 54] E n e r g e t i c a l l y F a v o u r a b l e according to the unique (002) diffraction signal. These data also suggest that the orientation and crystallinity of the asgrown IrO 2 samples are not influenced by varying T pr and T s while the morphology is highly dependent on the variations of the CVD conditions. According to above results, we believe that the evolution begins from a spiral growth mode on the plane perpendicular to the [001] long-axis directions with wedged NRs as embryos. Under the condition of R79 Topical Review highest morphological instability, these embryos grow and persistently remain as shown in figures 19(a)-(c) . By reducing the degree of morphological instability, via the growth mode, wedged NRs composed of two side walls can evolve new walls and spiral into various tubular structures. Square NTs formed under lower µ and higher T s are more energetically favourable than the incomplete and scrolled ones. The most energetically stable 1D structure is solid square rods. These results can be explained as follows: the tetragonal rutile IrO 2 has the relationship of the lattice constants a = b > c (see footnote 6). In term of crystallography, the crystal morphology with square cross-section should be the most stable, rather than the triangular, wedged, scrolled, spiral and any other forms. With the implication of the diffusion-limited aggregation (DLA) model [75] , the protruding part of the asgrown structure can easily grasp the vaporized reactants and can grow quickly, leaving the inner growth sites (shielded by the outer branches) to become vacant. Naturally, by increasing the degree of interface instability (i.e., increasing µ and reducing T s ), since most of the source atoms are enforced to elongate the longitudinal length, the corresponding R increases. Triangular and wedged rods with the fastest growth rate are grown at the highest µ and the lowest T s . Under this condition, because the adhered atoms were preferred to stack along [001] directions, no sufficient atoms can build a new wall from the rod edges, and so the spiral growth will not occur to complete a square circumference which is more energetically favourable. After the square tubes are formed, further lowering µ and increasing T s will provide surface atoms sufficient time and energy to arrange and diffuse into the centre of the hollow structure, making the tube walls thicken ( figures 21(d)-(f) ). Subsequently, the hole or concave part of the hollow structure will be filled up and a solid structure will form instead (figures 21(g)-(i)), under suitable deposition and diffusion conditions.
Area-selective growth of IrO 2 NRs on sapphire(012) and sapphire(100) substrates
In this section, area-selective growth of IrO 2 NRs will be demonstrated on SA(012) and SA(100) substrates which consist of patterned SiO 2 as the nongrowth surface [57] . The optimal substrate temperature for selective growth is 450
• C at a chamber pressure of ∼20 Torr. The two crystal planes are chosen to align the nanorods in a specific orientation. The origin of the selectivity along with other 1D morphological features is traced back to nucleation in its initial growth period.
Photolithography was employed in patterning a silicon thin layer on sapphire. This began with standard wafer cleaning, and was followed by sputtering a 20 nm thick Si thin film on SA(012) and SA(100) substrates. Si patterns of stripe and square window were created by spin-coating a photoresist, exposure, and wet etching. After removing the photoresist, the substrate was transferred to an MOCVD chamber and heated in flowing oxygen at 480
• C for 25 min so that the patterned Si thin film was oxidized. The area covered by noncrystalline SiO 2 thin film was always designated as the nongrowth region and the exposed sapphire area was the growth region for iridium dioxide nanorods.
The starting point of IrO 2 selective growth on the two patterned sapphire substrates is the nucleation energy barrier difference between sapphire and noncrystalline silica surfaces. Figure 25 compares the kinetics of IrO 2 nucleation on SA(012), SA(100) and noncrystalline silica surfaces at a substrate temperature of 450
• C. The low energy barrier of IrO 2 nucleation on sapphire is manifested by its short incubation time, approximately 19 s on the SA(012) surface and 9 s on the SA(100) surface. In contrast, the incubation time on the noncrystalline silica surface is much longer, 369 s. The incubation time is defined as the intercept from the linear plot of surface area covered by IrO 2 nuclei versus growth time.
The upper inset of figure 25 shows that the number density of nuclei increases rapidly on both SA(012) and SA(100), while the number density increases slowly on the glassy silica surface. The lower inset of figure 25 is a plot of average nucleus size versus growth time. These two insets point out that the number density of nuclei on SA(012) and SA(100) is large, but their average size is small and increases quickly. On the other hand, the number density of nuclei on the glassy silica surface is zero before incubation and small after incubation. Once IrO 2 nuclei appear on the silica surface, their sizes are comparatively large. Observation of a few large nuclei after considerably long incubation suggests that establishment of an IrO 2 nucleus on the glassy silica surface requires a sufficient number of atoms. A nucleus of insufficient size tends to dissipate, diffuse or evaporate away.
Some morphological features of the IrO 2 nanorods can find their roots in the nucleation behaviour on sapphire. rods; meanwhile, most of the gap is being filled by new nuclei and the nucleus-free area is reduced. Even in the initial stage shown in figure 26(b) , some nuclei have turned into short rods; the short rods are clearly grown from the earlier formed nuclei. The head start of those rods persists throughout the growth period and they develop a height advantage since a taller rod is in a superior position to receive more growth species in the gas phase.
Orientation of IrO 2 nanorods is a morphological feature that is easily affected by the pattern resolution at the border between sapphire and glassy silica regions. Figures 27(a) and (b) illustrate a stripe pattern and a square corner of tilted IrO 2 nanorods on SA(012) substrate, respectively. A sharp boundary in figure 27(d) delineates the upper half (growth region) and the lower half (nongrowth region) of the micrograph. A border of less populated nanorods, such as figure 27(d), is uncommon. Nevertheless such an image allows us to see the boundary between the sapphire and the silica thin film clearly. This is generally hidden in the nanorods. Those surrounding grains can be understood from the difference in nucleation behaviour on SA(100) and SA(012) surfaces. Compared with SA(012), the incubation time is shorter and the nucleation rate is higher on SA(100). Another distinctive point in the nucleation behaviour is that the arranged nuclei and short rods that appeared on SA(012) (see figure 26) are not observed on SA(100). Not all nuclei on SA(100) are oriented well under the CVD condition. The nuclei with their (001) planes parallel to the sapphire (100) plane will grow into vertical nanorods and stand out since they are in a favourable position to receive growth species from the gas phase. The nuclei that do not satisfy the epitaxial relation also grow, but their sizes are limited. As deposition proceeds, they turn into the grains surrounding the roots of vertical rods. The size limitation on surrounding grains occurs since most of the growth species are intercepted by those vertical rods. The IrO 2 crystals which satisfy the epitaxial relation display the 1D growth feature. The morphological results indicate that the SA(012) surface exerts a more desirable control on IrO 2 nucleation and growth than the SA(100) surface.
Raman scattering characterization of 1D IrO 2 NCs on sapphire substrates
In this section we present the results of Raman scattering characterization of well aligned IrO 2 nanocrystals grown on sapphire substrates. Raman spectroscopy (RS) has been used as a technique for characterization of well aligned 1D IrO 2 grown on SA(012), SA(110), SA(001) and SA(100). FESEM micrographs reveal that NCs with parallel in-plane alignment were grown on SA(001), vertically aligned NCs were grown on SA(100), while the NCs on SA(012) and SA(110) contained, respectively, single and double aligned directions with a tilt angle of ∼35
• from the normal to the substrates. The XRD results indicate that the NCs are (100), (001), and (101) oriented on SA(001), SA(001), and SA(012)/SA(110) substrates, respectively [78] . Three Raman active modes, E g , B 2g and A 1g , are observed in the range 400-850 cm −1 . The intensity of certain modes depends on the orientation of NCs and follows the selection rules reasonably well. The result indicates a possibility to determine the preferable growth direction of NCs using RS. Raman spectra show the red-shifts and peak broadening of the IrO 2 signatures with respect to that of the bulk counterpart. The red-shifts and asymmetric broadening of the Raman line shape for the NCs were analysed by a modified spatial correlation (MSC) model, which includes the factor of stress-induced shift. The MSC model showed that the effects of stress and nanometric size can be separated in analysing the observed Raman features. The usefulness of the experimental RS together with the MSC model analysis as a structural and residual stress characterization technique for 1D IrO 2 NCs has been demonstrated.
The first-order Raman spectra of the IrO 2 NCs deposited on SA(012), SA(110), SA(001) and SA(100) are displayed in figures 29(a)-(d) , respectively. According to the factor group analysis, the 15 optical modes have the irreducible representations as given in [79] . Only three modes are Raman active in the range of measurements (400-850 cm −1 ) with symmetries E g , B 2g , and A 1g , where the first is a doublet and the last two are singlets [79] . Corresponding to each Ramanactive mode, there is a scattering tensor α having a distinctive symmetry. The forms of these tensors in materials of D 14 4h space group and the displacement of atoms associated with Raman-active modes can be found in [80] . To examine a given component α i j , the geometry is arranged such that the incident 
Since it is impossible to identify the direction in the experiment for NCs we assume that the Raman signal is the average signal from all possible geometries. The expressions for the relative Raman intensities correlating to various |α i j | 2 for the (101), (100) and (001) faces in the backscattering configuration are listed in table 1. The results show that E g , B 2g , and A 1g mode are allowed for the polarization configurations as shown in table 1 for scattering from the (101) face. The B 2g and E g mode are forbidden for all configurations from the (100) and (001) faces, respectively.
The positions of the Raman-active modes for IrO 2 NCs were computed and analysed using the spatial correlation (SC) model of Richter et al [81] extended by Fauchet and Campbell [82] . The main assumption is that the phonons in nanometric-sized systems can be confined in space by crystallite boundaries or surface disorders. Consequently, this confinement causes an uncertainty in the wavevector of the phonons and results in downshift and broadening of the Raman features. In this model, the intensity of the first-order Raman spectrum, I (ω), which by taking into account the relaxation of the q = 0 selection rule due to phonon confinement in a microcrystal is given by [82] :
where ω(q) is the phonon dispersion curve, is the natural linewidth, and C(0, q) is the Fourier coefficient of the phonon confinement function. Using the Gaussian confinement function and considering a column-shaped crystal [82] , the Fourier coefficient |C(0, q)| 2 can be written as:
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Topical Review Table 2 . The fitted peak positions, FWHM, red-shift ( ω) of the E g mode and average diameter (L 1 ) of the IrO 2 NCs deposited on different sapphire substrates. ω size and ω stress red-shift related to phonon confined and residual stress effects, respectively. The data for single-crystal IrO 2 [80] are also given for comparison.
Raman mode where L 1 and L 2 are, respectively, the diameter and length of the IrO 2 NCs. For the dispersion relation, ω(q), we took the analytical model relationship based on a one-dimensional linear-chain model [83] :
where A = 1.574 × 10 5 cm −2 and B = 6.237 × 10 9 cm −4 (for IrO 2 single crystal) related the atomic masses of the constituent atoms and the force constant between the nearest neighbour planes.
The first-order Raman spectra of the single-direction tilted IrO 2 (101) NRs deposited on SA(012) illustrated in figure 29(a) revealed three Raman modes, identified as E g , B 2g , and A 1g in the vicinity of the single-crystal signals at 561, 728, 752 cm −1 , respectively [80] . These results are consistent with the assignments given in table 1 and the intensity ratio of Ramanactive modes agreed reasonably well with the theoretical prediction. The results of Raman scattering describe the qualitative trend that as the size becomes nanometric, the Raman peak shifts to lower frequency and the line-shape becomes asymmetric with a low-frequency tail. Since the intensity of the E g mode is much larger than that of the other two modes we will focus our SC analysis base on this feature.
The fitted peak positions and FWHM of the Raman E g mode for the IrO 2 NCs deposited on different SA substrates are shown in table 2. The data for single-crystal IrO 2 are also given for comparison. The red-shift in peak position ω is a red-shift in the E g mode peak position as compared with that of the single crystal. The calculated results of the red-shift for IrO 2 (101) on SA(012) sample using the SC model indicated a 6.4 cm −1 red-shift and an asymmetric broadening of 31 cm
relating to the phonon confinement effect in NCs. In order to have a good agreement between SC model calculations and experimental data an additional red-shift of ∼3 cm −1 has to be added in the SC model. This additional shift has been tentatively assigned to the residual stress effect. Rosenblum et al [84] reported the observation of a blue-shift on the three strongest lines induced by hydrostatic pressure in RuO 2 single crystal, which is consistent with the results of the red-shift induced by tensile strain. In order to correlate experimental data with the theoretical modelling an additional red-shift of 3 cm −1 has to be included into the SC model and the constants for the analytical model of dispersion relation as given by equation (3) have to be recalculated. The analysis gives A = 1.557 × 10 5 cm −2 and B = 6.105 × 10 9 cm −4 for the series of IrO 2 NCs structures used in these experiments.
Using the proposed MSC model, which includes the effect of the residual stress, it is possible to correlate the measured redshift of the Raman active modes as being due to the nanometric size and residual stress effect. As shown in figure 29(a) , the closed circles indicate the theoretical calculations using the MSC model. The agreement of the experimental data for the E g phonon mode peak and the calculated result with diameter L 1 = 39 nm is reasonably good. It should be noted that the diameters used as the correlation length in the MSC model are the average diameters estimated from the FESEM images. and A 1g , were observed. These results show a good agreement with the selection rules indicated in table 1. By analysing the main scattering signal of the E g mode, the NCs exhibit a ∼9.1 cm −1 red-shift in peak position and asymmetric broader ∼30 cm −1 . The analysis in the MSC model revealed 6.1 cm −1 in red-shift as a result of the phonon confinement effect and an additional 3 cm −1 shift due to the residual stress effect. We also believe that observation of E g , B 2g and A 1g modes in the Raman experiment with the intensity of E g peak much larger than the overlapped signal of B 2g and A 1g modes can be an evidence of orientation of NCs in the (101) plane. From the experimental data, the singly tilted NRs revealed higher intensity of the B 2g peak in comparison with the A 1g mode, whereas for the doubly tilted NRs, the intensities of B 2g and A 1g modes as analysed by the MSC model are comparable.
In figure 29 (c) we show the Raman results of the IrO 2 (100) NCs deposited on SA(001). Comparison of this figure with table 2 allows us to identify the allowed E g and A 1g Raman modes. The weak intensity of the normally forbidden B 2g mode as extracted by the MSC indicates good agreement with the theoretical prediction as given in table 1. The additional red-shift of ∼3 cm −1 induced by a residual stress has been included in the MSC model (L 1 = 44 nm) for the adequate description of the 8.4 cm −1 downshift of the E g mode peak (552.6 cm −1 , FWHM = 33 cm −1 ) (table 2) . Thus, the Raman result of IrO 2 NCs deposited on SA(001) is consistent with the XRD result of these samples and confirms the presence of the IrO 2 (100) plane.
The Raman spectrum of the vertical aligned IrO 2 (001) NCs deposited on SA(100) and E g mode fitting results are illustrated in figure 29(d) . The Raman spectrum revealed three Raman mode signals that are inconsistent with the allowed modes for the (001) face (table 1) . We observe the signal of the forbidden E g mode for this configuration with intensity The observed red-shift and asymmetric line width broadening of the Raman signal are attributed to both the size and residual stress effects, and can be satisfactory explained by the MSC model. In general, the intensities of Raman signal followed the selection rules for different planes of IrO 2 NCs. Observation of the normally forbidden Raman modes can be explained by the existence of stress and/or rod-shape NCs with pyramidal tips along the c-axis.
Field emission from vertically aligned conductive IrO 2 nanorods
As shown in section 4, the triangle and wedged IrO 2 NRs always reveal a sharp end with pointed tip. This geometrical feature and the intrinsically conductive nature make IrO 2 NRs an emitter material of potential. In this section, the field emission property of the vertically aligned IrO 2 NRs grown on Ti-coated Si substrate is presented [30] .
As illustrated in figure 6 , the FESEM image shows the highly dense and vertically aligned IrO 2 NRs grown on Ticoated Si substrate. Almost all of the IrO 2 nanorods have a self-assembled sharp tip.
The TEM micrograph focused on the tip of an IrO 2 NR, as shown in figure 30 , indicating the size of tip end (r ) to be about 2-4 nm. The aspect ratio (α), defined as the ratio of the height (h) of the cone to its diameter (d), is utilized to analyse this special geometry of the IrO 2 tip. Typically, an emitter cone with a higher aspect ratio results in a reduction in the operational voltage as a result of increased field enhancement. The aspect ratio of the IrO 2 tip is evaluated to be α = h/d = 2.1 ± 0.1, where h = 115 ± 5 nm and d = 60 ± 5 nm, which is higher than ordinary emitter cones (α = 0.95-1.10) fabricated using the Spindt tip process [27] . The electron diffraction pattern (see the inset in figure 30 ) taken along the [010] zone axis reveals the main diffraction dots indexed as {002}, {101} and {200} planes. The [001] direction shown by arrow is parallel to the long axis of the NR, indicating that the c-axis is the preferred growth direction. This confirms the formation of IrO 2 tetragonal rutile structure in these rod-like crystals.
The typical field emission current density (J ) versus applied field (E ) characteristic of IrO 2 NRs is depicted in figure 31 . Emission currents higher than 1.0 mA cm −2 are observed while the applied field exceeds 28.8 V µm −1 . Furthermore, the material shows a low turn-on field (E to ) at 5.6 V µm −1 , which is defined as the field to produce a current of 10 µA cm −2 for typical operation in a flat panel display [85] . The obtained turn-on field of 5.6 V µm −1 is comparable to the lowest E to values reported so far for CNTs (0.6-2.8 V µm −1 ) [85] [86] [87] , N-doped diamond film (∼1.5 V µm −1 ) [88] and amorphous carbon film (6.0 V µm −1 ) [89] . The J -E curve and its related Fowler-Nordheim (FN) plot [90] measured in the low field region (below 3.0 V µm −1 ), as shown in figure 32 , are used to determine the onset field (E on ) at which emission begins. According to the FN plot (see the inset), after passing a turning point at E on ∼ 0.7 V µm −1 , a linear relation between ln(J /E 2 ) and 1/E is observed, indicating that the field emission is intrinsically driven by the electric field. Similar results of low onset field are also found in CNT films (0.6-0.8 V µm −1 ) [91] . For conducting materials such as IrO 2 , the FN equation can be expressed as [90] :
where A = 1.42 × 10 −6 × exp(10.4/φ 1/2 ) in units of eAV −1 , B = 6.44 × 10 7 in units of (eV) −3/2 V cm −1 , β is the field enhancement factor, and φ is the work function. The FN slope for the straight line (see figure 32 ) fitted by equation (4) is used for evaluating the value of φ 3/2 /β. In principle, the work function is affected by the electronic properties of the emitter surface. Whatever the physical form the IrO 2 is, the work function should be rather unique. However, the field enhancement factor β is highly dependent on the geometrical shape of the emitter. Accordingly, for the case of IrO 2 with rod shape and sharp tip, the value of β can be evaluated by adopting the surface work function (φ = 4.23 eV) measured from IrO 2 film [29] . The value of β of IrO 2 NRs estimated from the FN slope is 40 000 ± 8000, which is comparable with a high field enhanced material like CNTs (β = 1000-50 000) [85, 86] . This high β value obtained from the field emission measurement could be explained from the TEM observation in which the field enhancement is attributed to the geometrical features of the front end of IrO 2 NR, including high aspect ratio and nanosized sharp tip. This high value of β is also consistent with the low onset field at 0.7 V µm −1 .
For practical application as an emitter material in a flat panel display, the emission current stability of IrO 2 NRs has been tested under high vacuum conditions for extended periods of time. Figure 33 shows the result of emission current density versus time for a period over 180 h at a pressure of ∼1 × 10 −8 Torr. For a long-term stability test, the applied field was set at E = 28.8 V µm −1 for an initial current of 1 mA cm −2 , which is the minimum current density required to obtain a brightness of 300 cd m −2 from a video graphics array display with typical high-voltage phosphor screen efficiency of 9 lm W −1 [92] . As shown in figure 33 , the IrO 2 NR sample exhibits a stable long-term emission and the current fluctuation is confined within the range 0.7-2 mA cm −2 . It is worth noting that no detectable degradation of field emission current is observed during the test period of over 180 h, manifesting the highly durable and robust capability of the conductive IrO 2 NRs. Since IrO 2 emitters possess high conductivity and low work function, they would be particularly suitable for operations under low driving fields and hence low power consumption. Moreover, the nanometre structure of IrO 2 with naturally formed sharp tips providing a very high field enhancement effect also show the high potential of IrO 2 for practical application in field emitter materials. 
Summary
We have reviewed the results of the synthesis of 1D IrO 2 nanocrystals on different substrates via metal-organic chemical vapour deposition using the source reagent (MeCp)(COD)Ir. The surface morphology, structural and spectroscopic properties of the as-deposited 1D NCs were characterized using field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), selected-area electron diffractometry (SAD), x-ray diffractometry (XRD), and x-ray photoelectron spectroscopy (XPS). The 1D growth behaviour of IrO 2 is found to be highly correlated to the oxygen-rich ambient, growth temperature and substrates. The roles of different substrates for the formation of various textures of nanocrystalline IrO 2 have been studied and discussed.
By designing a series of MOCVD experiments, a morphological evolution of IrO 2 1D nanocrystals has been studied. The as-grown 1D nanostructures have their origin from the interface instability driven by increasing the degree of supersaturation µ and/or reducing substrate temperature T s . By decreasing the degree of interface instability, the 1D nanostructures evolve from triangular/wedged NRs via incomplete/scrolled NTs to square NTs and square NRs according to their morphological stability. The results show that the 3D grains composing the film belong to the most stable form as compared to the 1D nanocrystals, and the sequential shape evolution has been found to be highly correlated to a morphological phase diagram based on the growth kinetics. The results could help material scientists and chemists to understand the mechanisms and to control the anisotropic 1D growth for solid and hollow nanostructures from bulk materials.
In addition, area-selective growth of IrO 2 nanorods has been demonstrated on silica patterned SA(012) and SA(100) substrates. Area-selective chemical deposition is known as a chemical technique to realize patterned thin films, which are essential for many electronic and miniaturized electrical devices. The area-selective growth takes advantage of the nucleation barrier difference between the glassy silica surface and the sapphire surface, with the glassy silica surface serving as the nongrowth surface and the sapphire surface as the growth surface in the selective growth process.
The usefulness of Raman spectroscopy together with the modified spatial correlation analysis as a structural and In this work we report the deposition of 1D wellaligned densely-packed rutile (R)-TiO 2 NCs by MOCVD on sapphire (SA) (100) and (012) substrates, using titaniumtetraisopropoxide (TTIP, Ti(OC 3 H 7 ) 4 ) as a source reagent. The surface morphology as well as the structural and spectroscopic properties of the as-deposited NCs were examined by using field-emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), selected-area electron diffractometry (SAED), x-ray diffraction (XRD) and microRaman scattering (RS). A strong substrate effect on the alignment of the TiO 2 NRs has been observed, and the probable mechanisms for the formation of NR structures are discussed.
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Experimental details
A cold-wall and vertical-flow MOCVD system was utilized for the growth of the TiO 2 samples on SA(100) and SA(012) substrates. The TTIP was used for chemical vapor deposition of TiO 2 samples. A schematic diagram of the MOCVD apparatus is illustrated in figure 1 . There are two different flow paths connected to the growth chamber designed for gas transport. The first one is a by-pass flow path, which is designed for controlling the steady-state chamber pressure prior to the deposition. The second path was heated to the designated temperature to facilitate the transport of the source vapor to the growth chamber. Three independent thermal couples were mounted on this source transport line to control and monitor the temperature of the shower head (T sh ), gas transfer line (T tl ) and the precursor reservoir (T pr ), as indicated in figure 1. During the source vapor transport, T sh , T tl and T pr controlled by three independent controllers were kept constant to avoid condensation of the precursor. The setting temperature of T pr , T tl and T sh were set at 50, 55 and 60
• C, respectively. Pure oxygen gas was used to convey the source vapor and to invoke the chemical reaction without adding any other inert gas. The oxygen flow rate (F O 2 ) of the reactive carrier gas was kept at 30 sccm. During deposition, the substrate temperature (T s ) and chamber pressure (P c ) were controlled at 550
• C and 1.5-5 mbar, respectively. Changing P c and T s could result in the deposition of materials with different compositions and morphologies. By keeping most of the controllable CVD parameters constant, the deposition rate can be controlled by directly changing the temperature of the precursor reservoir to adjust the partial pressure of source vapor under the masstransport-limited condition. The morphology of TiO 2 NCs was studied using a JEOL-JSM6500F FESEM. TEM images and SAED patterns were recorded to check the nanostructure and preferential growth direction of the individual TiO 2 nanorod (NR). XRD patterns taken on a Rigaku RTP300RC x-ray diffractometer were used to examine the phases and growth orientations of the samples. Raman scattering spectroscopy was used to extract nanostructural information about the TiO 2 NCs. The RS spectra were recorded at room temperature utilizing the backscattering mode on a Renishaw inVia micro-Raman system with a 1800 grooves mm −1 grating and an optical microscope with a 50× objective. The Ar + laser beam of the 514.5 nm excitation line with a power of about 1.5 mW was focused onto a spot ∼5 μm in diameter. Prior to the measurement, the system was calibrated by means of the 520 cm −1 Raman peak of polycrystalline Si.
Results and discussion
As illustrated in figure 2(a) , the FESEM images show vertically well-aligned densely-packed TiO 2 NCs grown on SA(100) substrate. The densely populated TiO 2 NCs have an average • ). Here we observe anisotropic growth and, as a result, NC formation is restricted by the in-plane mismatch. Thus, the deposited Ti and O atoms are stacked into a 1D nanostructure along the c-direction with TiO 2 plane formation following the substrate orientation. Similar growth behavior of IrO 2 and RuO 2 grown on SA(100) by MOCVD were observed by our group previously [31, 32] .
Figure 2(c) shows the Raman spectrum of the as-deposited R-TiO 2 NC sample on SA(100). Rutile TiO 2 is tetragonal and belongs to the space group D 14 4h with two TiO 2 molecules per unit cell. There are four Raman active modes with symmetry of A 1g , B 1g , B 2g and E g [33] . These four Raman active modes of rutile TiO 2 single crystal were detected at 143 cm −1 (B 1g ), 447 cm −1 (E g ), 612 cm −1 (A 1g ) and 826 cm −1 (B 2g ) by Porto et al [34] . In addition several second order Raman bands were also observed. As can be seen in figure 2(c) , the spectrum exhibits three distinct broad peaks and a broad weak underlying continuum tailing off at higher Raman shifts, features which are in good agreement with those corresponding to rutile TiO 2 [34] . The E g and A 1g modes located at 442 and 608 cm −1 with linewidths of 38 and 49 cm −1 , respectively, as well as the two-phonon bands at ∼237 cm −1 (marked as *), are the major features. The RS exhibits a soft B 2g mode located at around 823 cm −1 and the B 1g mode is completely absent. The results of RS confirm the rutile phase of the as-deposited NCs. The red-shifts of peak positions and broadening of linewidths of the rutile Raman features can be attributed to both the size and residual stress effects [35] . Further structural characterization of the TiO 2 NCs on SA(100) were performed using TEM. Figure 3 figure 3(d) . The TEM results also confirm the tetragonal rutile structure and single crystalline quality of the TiO 2 NCs.
The preferable orientation of the growth of R-TiO 2 (001) along [001] can be explained by examining the TiO 2 and SA(100) planar structure at the atomic level. The unidirectional growth of the NCs is correlated to the epitaxial relation between the rutile lattice of TiO 2 and the underlying single crystal SA(001) substrate.
The main assumption is that the SA(100) surface is terminated by dislocated oxygen atoms, as in the single crystal. The schematic diagrams illustrated in figure 4 show the atomic arrangements on TiO 2 (001) and SA(100) planes. The lattice parameters for TiO 2 are a = b = 4.59Å and c = 2.96Å (JCPDS no. 21-1276); for sapphire they are a = b = 4.76Å and c = 12.99Å (JCPDS no. 10-0173). The incoming Ti atoms have sufficient mobility to minimize the lattice misfit and align themselves in a TiO 2 (001) arrangement because of the similar oxygen arrangement of the underlying substrates and that of TiO 2 (001). Thus, the growth relationship can be described as TiO 2 (001) [100] SA (100) NCs grown on SA(100). Therefore, we conclude that the vertical growth of TiO 2 NCs on SA(100) substrate, on which the template for TiO 2 (001) plane formation is facilitated, is dictated by the c-axis directional growth [31] together with the lattice mismatch minimizing mechanism [35] .
The micrographs of densely-packed TiO 2 NCs on SA(012) are illustrated in figure 5(a) . The FESEM images reveal TiO 2 NCs with average diameters of 105 nm and lengths of 1.1 μm. These column-like nanostructures exhibit regularly tilted NCs with identical tilt angle (∼33
• ) from the normal to the substrate. A possible explanation of this unique directional growth will be discussed below. Figure 5 (b) shows typical XRD patterns of the regularly tilted TiO 2 NCs deposited on SA(012). Two peaks can be indexed as (101) and (202) diffraction planes at 2θ around ∼36.0
• and ∼76.4
• , respectively. The observation indicates parallel in-plane TiO 2 (101) orientation. Here we observe anisotropic growth and, as a result, the formation of NCs is restricted by the in-plane mismatch. Thus, the deposited Ti and O atoms are stacked into 1D nanostructure along the cdirection with TiO 2 plane formation following the substrate orientation. The probable allowed orientation of the NCs to substrate interfaces is TiO 2 (101) SA(012).
To determine the directions of planar deposition we have to examine the atomic arrangements of appropriate surfaces. Figure 6 illustrates the schematic plots of the atom arrangements and lattice relationships between TiO 2 and SA(012) surfaces. According to the argument of the minimization of the oxide sublattice structural mismatch, the possible NC-substrate alignment can be described as follows: , respectively. Concluding this part of the study, we have to emphasize that the minimization of the oxide sublattice structural mismatch overlapping with the c-directional growth are the two main driving forces which can determine the formation of either tilted or vertical TiO 2 1D NCs. Moreover, we should notice that conversion of film to nanocrystals is guided by internal and/or external factors. Here, the cdirectional growth mechanism is referred to as the internal factor. This mechanism has it origin in the anisotropy of the crystal structure and results in different growth rates along different NC directions. The other parameters such as growth conditions, the choice of substrates, and substrate orientations are classified as the external factors. It is obvious that the external factors such as the substrate orientation combined with the temperature of substrate can also influence the internal factors such as energetically favorable surface for the incoming atoms (c-directional growth mechanism) and initiate the preferable plane orientation of TiO 2 NCs, whereby the incoming atoms will stick onto the lower energy sites.
Summary
Well-aligned densely-packed TiO 2 NCs have been grown on SA(100) and SA(012) substrates via the MOCVD technique at a deposition temperature of 550
• C and under an oxygen pressure of 1.5 and 5 mbar, respectively. The results of the structural study reveal that the single crystalline vertically aligned NCs were grown on SA(100), while the NCs on the SA(012) were grown with a tilt angle of ∼33
• from the normal to substrates. The TiO 2 NCs showed square crosssections with the long axis toward the [001] direction. The strong substrates effect on the alignment of TiO 2 NCs can be explained by the effects of minimization of the oxide sublattice structural mismatch overlapped with the c-directional growth mechanism. The micro-Raman spectrum shows a red-shift and peak broadening of the TiO 2 signatures with respect to that of the TiO 2 single crystal and can be attributed to both the size and residual stress effects.
